At approximately five to six feet in length, the colon is an extraordinary organ. Often perceived simply as a waste‐processing organ, it is in reality responsible for a diverse range of complex functions. It plays a crucial role in water and electrolyte absorption. Moreover, it is a vital habitat for a complex and dynamic community of approximately 100 trillion bacteria which are involved in a myriad of metabolic activities, trophic effects and immunological processes. As a result, common disorders of the colon such as inflammatory bowel disease (IBD) and cancer often lead to a wide range of complications and may have debilitating effects on the patients\' quality of life or mortality (Nightingale [2001](#iep12194-bib-0038){ref-type="ref"}).

Current research into the various colonic pathologies and their treatment involves the routine use of animal models as substitutes for humans and provides an invaluable source of tissue material. Archived human material is also being extensively studied; however, the range of studies that can be carried out on such samples is limited. These tissue specimens contain an extraordinary breadth of information ranging from complex microanatomical features to elaborate cellular interactions, yet routine histological analysis captures only a very tiny portion of this. Collectively, much of the missing information could play crucial roles in our ability to make the most effective use of these tissues for diagnostic pathology, developmental biology (Donaldson *et al*. [2015](#iep12194-bib-0015){ref-type="ref"}), pathogenesis studies (Rijnierse *et al*. [2006](#iep12194-bib-0041){ref-type="ref"}) and drug efficacy studies (Fan *et al*. [2005](#iep12194-bib-0016){ref-type="ref"}; Taketani *et al*. [2014](#iep12194-bib-0046){ref-type="ref"}). Routinely, the bulk of such tissue specimens undergo preservation in formalin and subsequent paraffin embedding as this facilitates archiving and preservation of histomorphology but at the expense of the biochemical character (Butler *et al*. [2016](#iep12194-bib-0009){ref-type="ref"}). Very few specimens are subjected to freezing in liquid nitrogen which would better preserve both the anatomy and biochemistry.

The colon comprises of several distinct layers: the mucosa, submucosa, muscularis propria and serosa. The mucosa is the functional mainstay of the colon and is composed of a multitude of unique structures -- the crypts of Lieberkühn. The colonic crypts are not static structures; rather, they are very dynamic environments maintained at equilibrium: large numbers of cells are continually replaced through stem cell division, differentiation and migration. These stem cells and proliferating cells are localized at the bottom half of the crypt and differentiated cells at the top; hence, in any given anatomical analysis the orientation of the tissue is critical if all the crypt cell populations are to be captured and visualized. The general colonic structure as well as the cellular composition of the functional regions has been well characterized (Humphries & Wright [2008](#iep12194-bib-0021){ref-type="ref"}). The structural organization of the colon is summarized in Table [1](#iep12194-tbl-0001){ref-type="table-wrap"}. Colonic dysfunction often involves only a small subset of cells; it is therefore increasingly important to first understand the normal biochemical states within the healthy tissues prior to detection of any telltale pathological changes.

###### 

Correlating colonic anatomy to the structural organization and composition of a normal healthy colon

  Colonic layer                  Structural features                               Composition
  ------------------------------ ------------------------------------------------- -------------------------------------------------------------------
  Mucosa                         Crypts of Lieberkühn                              Epithelial cells, goblet cells, enteroendocrine cells, stem cells
  Lamina propria                 Connective tissue, plasma cells and lymphocytes   
  Muscularis mucosa              Muscle cells                                      
  Submucosa                      --                                                Connective tissue
  Blood vessels and lymphatics                                                     
  Lymphocytes                                                                      
  Submucosal plexus              Nerve cells, connective tissue                    
  Muscularis Propria             Inner circular muscle                             Muscle cells
  Myenteric plexus               Nerve cells, connective tissue                    
  Outer Longitudinal muscle      Muscle cells                                      
  Serosa                         --                                                Connective tissue
  Mesothelial cells                                                                
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Some of the most frequently applied techniques in tissue analysis require the application of a range of stains, dyes or tags, haematoxylin and eosin (H&E) staining being the simplest and most common. H&E facilitates the staining of all cellular components and connective tissues irrespective of molecular composition and is the foundation technique in diagnostic histopathology. Various biological assays are also used to exploit the targeting properties of antibodies to tag specific proteins, and their localization can then be visualized by means of fluorescence or chromogenic enzymatic reactions (e.g. immunofluorescence (IF), immunohistochemical (IHC) analysis). Similarly, specific gene expression can also be identified by means of *in situ* hybridization (ISH), as with protein targeting a reporter tag must be conjugated to these probes; often, this is fluorescent. Over the years, such biomarker assays have grown to be an integral part of diagnostic pathology and clinical research; however, they possess certain key limitations. To maximize the sensitivity of diagnostic assays, a specific biomarker panel must first be carefully selected -- poor or inappropriate selection fundamentally compromises analysis. Targeted, selective biomarker assays face further challenges arising from the underlying effects of chemical processing used for stabilization and preservation of the tissue, which can lead to selective antigenic loss and nucleic acid fragmentation (Srinivasan *et al*. [2002](#iep12194-bib-0044){ref-type="ref"}; Yaziji & Barry [2006](#iep12194-bib-0048){ref-type="ref"}).

Other more advanced tissue analysis techniques that do not rely on the quantification of previously identified biomarkers include matrix‐assisted laser desorption/ionization imaging mass spectrometry (MALDI IMS) (Shimma *et al*. [2007](#iep12194-bib-0042){ref-type="ref"}) and infrared (IR) spectral imaging (Nallala *et al*. [2014](#iep12194-bib-0035){ref-type="ref"}). However, MALDI IMS is limited to protein‐ and lipid‐based analysis and excludes the vital nucleic acid components. IR imaging on the other hand -- although undoubtedly fast -- is particularly susceptible to the problems of water contamination, limiting use to dried tissue samples. In contrast, Raman microspectroscopy, another advanced and sensitive technique, can be used to provide rapid, label‐free imaging of whole cells and tissues providing both spatial and chemical information simultaneously (Krafft *et al*. [2008](#iep12194-bib-0025){ref-type="ref"}; Bonnier & Byrne [2012](#iep12194-bib-0007){ref-type="ref"}). Unlike IR, water does not affect Raman spectroscopy making it an ideal technique for biological samples. The use of non‐ionizing and non‐mutagenic radiation wavelengths also makes Raman spectroscopy an attractive non‐destructive, non‐invasive techniques suitable for live cell and *in vivo* applications (Klein *et al*. [2012](#iep12194-bib-0024){ref-type="ref"}; Lui *et al*. [2012](#iep12194-bib-0030){ref-type="ref"}). By coupling a Raman system to a microscope set‐up, one can achieve submicrometre spatial resolutions (Maier & Treado [2004](#iep12194-bib-0031){ref-type="ref"}). Furthermore, many chemometric data analysis approaches have now been devised which allow cell/tissue classification to be carried out in a number of different ways (Krafft *et al*. [2008](#iep12194-bib-0025){ref-type="ref"}; Lloyd *et al*. [2012](#iep12194-bib-0029){ref-type="ref"}; Mavarani *et al*. [2013](#iep12194-bib-0032){ref-type="ref"}; Li *et al*. [2014](#iep12194-bib-0027){ref-type="ref"}).

There already exists a large body of work describing the application of Raman spectroscopy to colorectal tissue, most of which have focused on discrimination of tissues of colorectal cancer (CRC) and IBD (Molckovsky *et al*. [2003](#iep12194-bib-0034){ref-type="ref"}; Chowdary *et al*. [2007](#iep12194-bib-0012){ref-type="ref"}; Widjaja *et al*. [2008](#iep12194-bib-0047){ref-type="ref"}; Beljebbar *et al*. [2009](#iep12194-bib-0004){ref-type="ref"}; Piva *et al*. [2011](#iep12194-bib-0040){ref-type="ref"}). Most of these studies have focused on building robust CRC classifiers, but little attention has been paid to understanding the biochemical signals that originate from normal colon tissues and the underlying cell populations. The bulk of these studies are carried out on fresh/frozen tissues because these methods minimize sample handling and are thought to preserve the largest amount of biochemical information along with being free of any chemical contamination. Given the low sensitivity of earlier Raman instruments, this was thought to be essential because the tissue processing procedures used routinely in histopathology diminish Raman signal strengths (Devpura *et al*. [2013](#iep12194-bib-0013){ref-type="ref"}). Nevertheless, it is important to bear in mind that the bulk of all tissues removed for analysis undergo fixation and subsequent paraffin embedding. Seeing as this procedure ensures that adequate shelf life is maintained over a prolonged storage period, it is unreasonable to expect such routine pathology practice will undergo any significant changes in the coming years. In addition, we are yet to find a detailed Raman study summarizing the biochemical signals originating from the different cell populations lining colonic crypts as well as the surrounding tissue stroma from FFPE colonic samples. A study by Mavarani *et al*. ([2013](#iep12194-bib-0032){ref-type="ref"}) evaluated the use of a 532 nm laser excitation source to identify more intricate structures within fixed colon sections, namely lymphocytes and erythrocytes. Again, this study was primarily focused around the characterization of cancerous colon tissue without full‐length normal crypt analysis.

The principle focus of this report was to demonstrate the power of Raman imaging in FFPE rat colon tissue sections. We aimed to provide an extensive biochemical characterization of the different anatomical layers present within the tissue. By utilizing a contiguously cut H&E stained section, we correlate the Raman generated images with the spatial distribution of the histological features. Moreover, we intended to correlate directly the biochemical signals obtained through Raman analysis with current knowledge of the chemical composition of the identified histological features. This, in turn, will provide a useful foundation for understanding the various disease processes explored through animal models -- these include but are not limited to Crohn\'s disease, ulcerative colitis and cancer (Cassidy *et al*. [1980](#iep12194-bib-0011){ref-type="ref"}; Stĕpánková *et al*. [1996](#iep12194-bib-0045){ref-type="ref"}; Dieleman *et al*. [2004](#iep12194-bib-0014){ref-type="ref"}; Ganguly *et al*. [2015](#iep12194-bib-0019){ref-type="ref"}). To date, Raman has proven to be useful for the objective discrimination of Crohn\'s disease from ulcerative colitis, as well as *in vivo* efficacy testing of anti‐cancer drug treatments (Bi *et al*. [2011](#iep12194-bib-0005){ref-type="ref"}; Bielecki *et al*. [2012](#iep12194-bib-0006){ref-type="ref"}; Taketani *et al*. [2014](#iep12194-bib-0046){ref-type="ref"}).

Materials and methods {#iep12194-sec-0002}
=====================

Sample preparation {#iep12194-sec-0003}
------------------

Multiple colonic resections approximately 5 mm in length were excised from Wistar rats and fixed in standard 10% neutral buffered formalin for 24 h at room temperature. Tissues were then further processed in a Leica automated tissue processor TP1050 (Leica Biosystems GmbH, Nussloch, Germany) and embedded in standard laboratory histological paraffin wax. Sections were cut at 8 μm thickness and mounted onto calcium fluoride (CaF~2~) slides (Crystran Ltd., Poole, UK). Additional contiguous sections were cut at 3 μm, mounted onto a standard glass microscope slide and H&E stained for direct comparison. The 8 μm sections were subsequently deparaffinized in xylene and rehydrated in alcohol and water prior to being used for Raman imaging without any further treatment.

Reference materials {#iep12194-sec-0004}
-------------------

A subset of reference biomolecules was selected and their distribution within the tissue investigated. Obvious features of the colon are muscle and nuclei from the dense cell population within the mucosa. To aid the identification of these components, reference spectra from muscle acetone powder and purified DNA were obtained. The submucosa, known to largely comprise of connective tissue, was referenced by authentic samples of collagen as well as hydroxyproline. Similarly, mucin contained within goblet cells was referenced by whole mucin, as well as the two most common sugars found in mucin -- galactosamine and glucosamine. Reference spectra were also obtained from a number of lipids, namely phosphatidylcholine, phosphatidylserine, phosphatidylethanolamine, phosphatidic acid, cholesterol, oleic acid and palmitic acid as well as glycerol. Two carbohydrate molecules, glucose and fucose, were used as sugar‐based references. To reflect the dehydrated state of the tissue samples all references were measured dry unless they are naturally liquids, in which case they were used neat. Specific reference details can be found in Table [2](#iep12194-tbl-0002){ref-type="table-wrap"}.

###### 

Summary of all the reference biomolecules as well as their origin

  Reference compound                                   Supplier                  Country
  ---------------------------------------------------- ------------------------- ---------
  Paraffin wax (Tissue‐Tek^®^ II)                      Sakura                    UK
  DNA (*herring testes*)                               Sigma‐Aldrich             
  Cholesterol                                                                    
  Mucin type I (*bovine submaxillary glands*)                                    
  Muscle acetone powder (*rabbit dehydrated muscle*)                             
  Glycerol                                                                       
  Hydroxyproline                                                                 
  Phosphatidylcholine                                                            
  Galactosamine                                                                  
  Glucosamine                                                                    
  Oleic acid                                                                     
  Palmitic acid                                                                  
  Phosphatidic acid                                                              
  Phosphatidylserine (*bovine brain*)                                            
  Phosphoethanolamine (*egg yolks*)                                              
  Collagen                                                                       
  Fucose                                               Alfa Aesar                
  Glucose                                              BDH Laboratory Supplies   
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Raman microscopic imaging {#iep12194-sec-0005}
-------------------------

StreamLine^™^ Raman imaging was performed using the inVia Raman system (Renishaw plc, Wotton‐under‐edge, UK) coupled to a 785 nm laser excitation source and a Leica DM2500 microscope. A thermoelectrically cooled charge‐coupled device (CCD) camera was used for signal detection. StreamLine^™^ imaging uses a line geometry laser, which distributes the laser power along the length of a line rather than a single intense spot. A total laser intensity of approximately 50 mW was focused onto the sample through a 50× /NA 0.75 objective. A 1200 l/mm grating was used to disperse the light providing a spectral range of 400--1800 cm^−1^. A 2.8 μm step size was used with an integration time of 20 s producing a Raman map of the sample consisting of 81,405 unique spectra.

Several system checks were conducted before any data collection to ensure that the laser power and alignment were optimal. The system was then calibrated using a piece of silicon to the well‐characterized reference peak at 520.5 cm^−1^.

Biomolecular reference spectra were acquired on a Renishaw RA802 Raman microscope system, equipped with a 785 nm laser source emitting \~150 mW. This system was fitted with a 50× /NA 0.8 objective and provided a spectral resolution of \~2.6 cm^−1^ based on the full‐width half‐maximum of the silicon peak in the spectrum. Single‐point measurements were made with integration times ranging between 0.8 and 10 s, and this, however, was rectified through normalization.

Data processing {#iep12194-sec-0006}
---------------

### Pre‐processing {#iep12194-sec-0007}

The Raman maps were pre‐processed to reduce spectral variances originating from non‐chemical effects. This ensures that any instrumental artefacts are removed and the chemical information within the spectra is enhanced. Cosmic ray removal was conducted using the width of feature and nearest‐neighbour methods in WiRE 4 software (Renishaw plc).

Additional downstream processing was carried out in Matlab R2015b (MathWorks, Natick, MA, USA), including baseline correction by a third‐order polynomial and normalization, that is scaling, so that each spectrum had a mean intensity of zero and standard deviation equal to one. This ensures that each spectrum had a comparable influence on all the subsequent statistical analysis. For spectral analysis carried out in WiRE 4, baseline correction and normalization was conducted in Matlab R2015b, and the corrected spectra were then reimported into WiRE 4 for spectral analysis.

### Principal component analysis {#iep12194-sec-0008}

Principal component analysis (PCA) was used as an unsupervised multivariate data analysis technique that highlights the important differences in the tissue without prior knowledge of tissue biochemistry. PCA is a data reduction technique that condenses the spectral data to a set of variables, known as principal components (PCs). The first component explains the greatest variance in the data set, with subsequent components representing the highest remaining variance where they are orthogonal to the preceding components. Inspection of the individual loadings of the PCs enables us to gain an understanding into the specific biochemical information responsible for the variance observed. Coloured images are then generated from the PCs to reveal the spatial organization of the elements isolated as principal components. In our images, pixels with a high positive score for a given PC are assigned a false colour while pixels with high negative score are assigned a second colour, where the colour intensity corresponds to the relative contribution of the score.

PCA was carried out using both WiRE 4 and Matlab R2015b. Matlab facilitates the implementation of linear regression analysis following PCA as well as directly matching the spectral similarity of reference biomolecules. WiRE allows the generation of superior composite score images that can be compared to H&Es with relative ease. Using both platforms, we were able to perform comprehensive analysis of the image data. Prior to the analysis, using either platform spectra were mean‐centred and spectrum‐centred within the given software.

In this work, we have chosen to analyse four PCs that were considered to be the most histologically significant. These four PCs and a further six (the first ten PCs) account for 82% of the total spectral variance present in our data and can be found in Supporting Information.

### Linear fit of the PCA {#iep12194-sec-0009}

To explore the molecular basis of the difference underpinning the PCA, we fit a linear combination of reference spectra to each component. That is, we formulated each PC as: $$p = w^{(1)}s^{(1)} + w^{(2)}s^{(2)} + \cdots + w^{(n)}s^{(n)},$$

where *w* ^(*i*)^ is the weight of reference spectrum *s* ^(*i*)^ in the linear sum.

In this way, we can establish which biomolecules contribute most strongly to each PC. Note that *w* ^(*i*)^ can be positive or negative -- the specific sign does not denote the importance of the biomolecule; rather, it is \|*w* ^(*i*)^\|, the absolute magnitude of *w* ^(*i*)^ that does so. Furthermore, the negative or positive assignments of the linear fit bars are in line with the directionality of the peak assignments across the PC loadings.

The value of *w* ^(*i*)^ for each PC was determined by implementing least squares linear regression.

### Spectral similarity {#iep12194-sec-0010}

To determine the similarity between each pixel of the tissue map and each reference spectrum, we computed the cosine similarity, defined as: $$\theta = \frac{m \cdot s}{|m||s|} = \frac{\sum_{i}m_{i}s_{i}}{\sqrt{{(\sum\limits_{i}m_{i}^{2})}{(\sum\limits_{i}s_{i}^{2})}}},$$

where *s* ~*i*~ denotes the Raman intensity at Raman shift *i* in the reference spectrum and *m* ~*i*~ denotes the Raman intensity at Raman shift *i* in the tissue map spectrum.

The similarity score is bounded such that −1 ≤ θ ≤ 1. A value of θ = 1 implies that the two spectra are identical, that is, *m *= *s*; if θ = −1, then the two spectra are opposite, that is, *m *= −*s*. A value of θ near zero indicates no correspondence between *m* and *s*.

As such, a large positive value of θ suggests that the pixel constitutes, to some degree, the reference spectrum. By plotting the value of θ across the whole map, we can determine which areas of the tissue are most similar to the reference spectrum at hand, and thereby deduce the distribution of that reference biomolecule within the tissue. The accuracy of this technique can be easily validated by visually comparing an average of the 100 best matching tissue spectra to the reference spectrum.

A background mask was applied to prevent the reference spectra from being matched against pixels associated with the backing substrate (CaF~2~ slide). To choose which pixels to discard, we first formed an average 'background' spectrum from a separate Raman map that contained only a CaF~2~ slide. We then computed the spectral similarity between all pixels of our Raman map and the average background spectrum. Any pixels with a similarity value greater than some threshold τ were discarded, ensuring only biological tissue was analysed. For this work, the threshold was determined to be τ = 0.98.

Ethical approval statement {#iep12194-sec-0011}
--------------------------

Research was conducted in full compliance with the UK Animals (Scientific Procedures) Act 1986 (A(SP)A).

Results {#iep12194-sec-0012}
=======

Rat colon H&E overview {#iep12194-sec-0013}
----------------------

All the main layers of the colon are clearly defined with the thickest regions composed of the mucosa and muscularis propria. The outermost muscularis propria exhibits two distinctly orientated muscular layers: (i) inner circular muscle and (ii) outer longitudinal muscle (Figure [1](#iep12194-fig-0001){ref-type="fig"}a). The submucosa exhibits a very sparse distribution of connective tissue fibres with several embedded lymphocytes and blood vessels. The cells of the mucosa are very densely packed with very little visible lamina propria. The epithelial cells that line the crypts of Lieberkühn are best resolved at the luminal edge of the mucosa, whereas the larger goblet cells are the most easily identified feature (Figure [1](#iep12194-fig-0001){ref-type="fig"}b).

![Transversely cut H&E‐stained rat colon section. (a) LM, outer longitudinal muscle; CM, inner circular muscle; S, submucosa; M, mucosa. Red box indicates the area that underwent Raman analysis. (b) Close‐up of a mucosal fold: M, mucosa; MM, muscularis mucosa; S, submucosa; BV, blood vessel; MP, muscularis propria; LP, lamina propria; G, goblet cells; C, colonocytes.](IEP-97-337-g001){#iep12194-fig-0001}

Principal component analysis {#iep12194-sec-0014}
----------------------------

PCA is an unsupervised multivariate analysis technique that allows an effective reduction of a large and complex spectral data set to a few most meaningful components. These components capture most of the variance within the data set, and they can then be tentatively assigned to a specific biological component present in abundance within a given anatomical region. Note that these components do not represent pure biochemical components but rather a mixture of the most abundant and discriminatory components. This technique provides a method of identification by reducing the subjectivity and speculation inherent in any process of manually selecting from amongst chemical reference spectra. Up to ten components were hypothesized to contain the most relevant biochemical information relating to the biochemical variance of the layers within the sample. However, only four components considered to be the most histologically relevant will be shown graphically and analysed in detail in this study. Details of all ten loadings can be found in the Supporting Information.

H&E stained sections were used to assist in the interpretation of the different tissue component loadings by correlating their relative positions within the Raman map. A linear combination of preselected reference biomolecules was fitted against each PC to identify the biomolecules that contribute most to the loading.

The most striking of all PCs was PC4 -- characterized by a multitude of intense sharp peaks found in the negative region of the loading and assigned a yellow pixel colour. These features are akin to the unique features of paraffin wax used to embed the tissue. This demonstrates that despite attempts at rigorous paraffin removal in xylene (40 mins of total exposure with agitation), paraffin was well retained within the tissue. Paraffin was sparsely present across the whole tissue section but very strongly retained in the outermost mucosal edge (Figure [2](#iep12194-fig-0002){ref-type="fig"}a). Raman imaging facilitates easy identification of paraffin contamination via sharp intense paraffin peaks at 1062, 1132, 1294 and 1439 cm^−1^ in PC4 (Figure [2](#iep12194-fig-0002){ref-type="fig"}b). The linear reference fit indicates that PC4 is primarily composed of paraffin, but also exhibits the presence of some of the major phospholipids and some nucleic acids (Figure [2](#iep12194-fig-0002){ref-type="fig"}c). No other chemical contaminants were detected.

![Principal component analysis results of paraffin contamination. (a) False‐coloured Raman map depicting the localization of paraffin contamination produced by assigning a user defined colour for the pixels corresponding to PC4. As indicated by the colour intensity scale bar (range −2.5 to +2.1) in this case intense yellow pixels correspond to strong paraffin signals. Intense purple pixels signify regions free of paraffin contamination but rich in other biological signals (length scale bar: 200 μm). (b) Principal component loading (blue) with reference linear model fit (orange). The strong negative peaks (troughs) in PC4, shown as yellow pixels in the map, have high magnitude and negative sign (asterisks) and match closely features of the reference paraffin spectrum included in the linear fit of all reference spectra (shown alongside, dotted line). (c) The weight of each chemical reference spectra used to generate the linear fit to PC4 showing the major contributing chemical species. Attention is drawn to the size of the bar in the chart rather than its positive or negative sign. Star symbols indicate paraffin and paraffin‐like signals from phospholipids showing that in the presence of paraffin the lipid data cannot be unambiguously recovered.](IEP-97-337-g002){#iep12194-fig-0002}

The localization of PC3 coincides well with the lamina propria, submucosa and the serosa (Figure [3](#iep12194-fig-0003){ref-type="fig"}a). PC3 describes 3.51% of the total variance and portrays the main difference between collagen components (negative) and combined muscle/mucin/paraffin (positive) signals; this is described in the linear reference combination (Figure [4](#iep12194-fig-0004){ref-type="fig"}a). Intense peaks corresponding to proline and hydroxyproline were identified at 852, 916 and 933 cm^−1^. The positions of the spectrum amide bands are critical to determining the secondary structure of the proteins. The intense amide III peaks at 1242 cm^−1^ and 1268 cm^−1^ correspond to the triple helical structure of collagen (Gąsior‐Głogowska *et al*. [2010](#iep12194-bib-0020){ref-type="ref"}; Nguyen *et al*. [2012](#iep12194-bib-0037){ref-type="ref"}). The linear fit coincides well with the first two hydroxyproline peaks.

![Raman false‐coloured images colour coded by the associated PC loadings and tentatively assigned to specific histological regions within the colon: (a) PC3: submucosa, lamina propria and serosa, (b) PC5: muscle, (c) PC6: mucin in goblet cells and (d) PC8: nuclei (scale: 200 μm). Note that the images are not heat maps and that the intensity of the purple or the yellow colours indicates the intensity of the component signals either positive or negative, respectively. Dark colours do not indicate the absence of signal but rather the presence of other strong signals of a different chemical type and spectral signature.](IEP-97-337-g003){#iep12194-fig-0003}

![Loadings of principal components (blue): (a) PC3, (b) PC5, (c) PC6 and (d) PC8, each superimposed with a linear fit (orange) of the best matching molecular reference. Asterisks indicate the most significant molecular reference (right) alongside the associated spectral features (left). Note in the right‐hand panels that the purple and yellow colour coding of the positive or negative contribution of each reference species to the linear fit to the principle component has been preserved and is in accord with Figure [3](#iep12194-fig-0003){ref-type="fig"}.](IEP-97-337-g004){#iep12194-fig-0004}

PC5 accounts for 1.19% of the total variance and depicts the main difference between muscle (negative) and combined paraffin/DNA/collagen/mucin (positive) signals (Figure [3](#iep12194-fig-0003){ref-type="fig"}b). The distribution of the loading covers the muscularis propria, muscularis mucosa as well as blood vessels in the submucosa. The most intense peak at 1002 cm^−1^ is attributed to the ring breathing mode of phenylalanine and is a ubiquitous proteinaceous constituent of biological tissue. Peaks at 638 and 1614 cm^−1^ (tyrosine), 1208 and 1550 cm^−1^ (phenylalanine, tryptophan) are all assigned to aromatic amino acids. Other protein‐associated peaks include 1121 and 1154 cm^−1^ (C‐C, C‐N stretch of proteins) and 1652 cm^−1^ (amide I). Some carbohydrate and lipid signals were also detected at 900 cm^−1^ and 955 cm^−1^ respectively (Figure [4](#iep12194-fig-0004){ref-type="fig"}b). Some of these peaks have previously been associated with actin and myosin components of muscle tissue (Barrett *et al*. [1978](#iep12194-bib-0003){ref-type="ref"}; Carew *et al*. [1983](#iep12194-bib-0010){ref-type="ref"}; de Jong *et al*. [2002](#iep12194-bib-0023){ref-type="ref"}). The linear reference molecule fit was best described by muscle acetone powder which fits well with the spatial localization of the loading within the map.

The localization of PC6 is in good agreement with goblet cell distribution within the H&E stained section (Figure [3](#iep12194-fig-0003){ref-type="fig"}c). PC6 is attributed to 0.92% of the variance and depicts the difference between mucin (negative) signals and combined DNA/muscle (positive) signals (Figure [4](#iep12194-fig-0004){ref-type="fig"}c). The most intense peak at 1390 cm^−1^ has been tentatively assigned to *N*‐acetyl‐galactosamine and *N*‐acetyl‐glucosamine as these are the most abundant sugar groups within mucins (Ashton *et al*. [2013](#iep12194-bib-0002){ref-type="ref"}). Other associated peaks were at 1426 cm^−1^ (deoxyribose), 1532 cm^−1^ (C=O) and 1635 cm^−1^ (amide I). Lipid peaks were detected at 435 and 1730 cm^−1^. The linear reference fit indicates that PC6 is positively characterized by nucleic acid and muscle signals, and negatively characterized by mucin signals. The overall fit to the loading, however, is poor in the high‐wavenumber region. A much better fit is obtained for the nucleic acid (721 and 778 cm^−1^) and muscle (1002 cm^−1^) associated signals; however, no mucin related peaks were observed in the fit (1300--1800 cm^−1^). The reliability of this fit to mucin is therefore questionable.

PC8 describes 0.43% of the total variation in the data and appears to capture the nucleic acid signals (Figure [3](#iep12194-fig-0003){ref-type="fig"}d). Nucleic acid signals are most abundant within the mucosa due to the presence of a very dense cell population in comparison to other layers of the colon (Figure [1](#iep12194-fig-0001){ref-type="fig"}b). One of the most characteristic peaks in this loading is at 778 cm^−1^, corresponding to uracil, thymine and cytosine. The remaining peaks all correspond to either DNA or RNA: 721 cm^−1^ (ring breathing modes of DNA), 1091 cm^−1^ (phosphodeoxy groups of nucleic acid backbone), 1246 cm^−1^ (asymmetric phosphate stretching modes from phosphodiester groups), 1484 cm^−1^ (nucleotide acid purine bases), 1577 cm^−1^ (guanine, adenine) and 1691 cm^−1^ (C=O group of bases). The linear reference fit indicates the loading is primarily composed of nucleic acids, which is in good agreement with the peak assignments and localization of the loading (Figure [4](#iep12194-fig-0004){ref-type="fig"}d).

The characteristic loadings can be combined to produce a false‐coloured composite score image that results in superior contrast to the traditionally used H&E staining techniques (Figure [5](#iep12194-fig-0005){ref-type="fig"}).

![Comparison of H&E against a Raman false‐coloured composite score image. (a) PCA composite score image generated using WiRE 4 software encompassing the individual PC scores characteristic of the unique biochemical signatures of the different anatomical layers of the colon (scale: 200 μm). With this method the dominating spectral and chemical properties of each individual pixel in the tissue map are united in a high‐definition pseudo‐stained image. (b) Full‐thickness H&E stained rat colon section (adjacent to the Raman‐imaged unstained section).](IEP-97-337-g005){#iep12194-fig-0005}

Spectral similarity maps {#iep12194-sec-0015}
------------------------

Having established the main anatomical regions that can be resolved using PCA we attempted to match some of the reference biomolecules expected to be abundant within these regions.

Large areas of the Raman map do not contain biological tissue -- most prominently the main lumen of the gastrointestinal tract. These areas still produce Raman signal, and can be spuriously labelled as being similar to reference spectra. As such, it is vital to determine and then discard those pixels that do not contain tissue before analysing the spectral similarity maps. This has been achieved by applying a background mask (Figure [6](#iep12194-fig-0006){ref-type="fig"}a).

![Spectral similarity maps of molecular references expected to be present within colon tissue. (a) Background mask, (b) DNA, (c) Collagen, (d) Muscle acetone powder, (e) Phosphatidylcholine, (f) Paraffin wax (scale: 200 μm). Note that in these images the intensity corresponds only to positive scores (within the range 0--1) with the brighter yellow colour indicating greater intensity and better spectral similarity to the reference sample.](IEP-97-337-g006){#iep12194-fig-0006}

Matching the similarity of a molecular reference to each pixel within the tissue map allows a direct visualization of the distribution and abundance based on pixel intensity. Use of similarity maps removes the need to tentatively assign peaks from Raman spectral databases. Computing the average of the best matching 100 tissue spectra can be used to reconstruct a best match spectrum. This enables easy identification of the most characteristic features associated with the biomolecular reference.

DNA followed an expected distribution across the tissue and was localized within the mucosa where the nuclear density is greatest. Similarity was also found across the submucosa where sparse lymphocytes are present as well as the nuclei of muscle cells within the muscularis propria (Figure [6](#iep12194-fig-0006){ref-type="fig"}b). The most characteristic peaks that best match the DNA reference spectrum are at 782, 1100, 1335, 1573 and 1662 cm^−1^ (Figure [7](#iep12194-fig-0007){ref-type="fig"}).

![Reference spectra (orange) displayed alongside the average spectrum (blue) of the 100 best matching tissue map spectra along with their SD. Similarity scores of DNA θ = 0.65, collagen θ = 0.92, muscle acetone powder θ = 0.81 and phosphatidylcholine θ = 0.60 were achieved.](IEP-97-337-g007){#iep12194-fig-0007}

As expected, strong collagen signals were found to be abundant within the lamina propria and the submucosa. Of all the references, the collagen spectrum most closely matched tissue‐derived spectra with very high similarity between the reference and the average spectrum of the 100 best matching tissue spectra (θ = 0.92). Collagen associated spectra were also detected within the serosa and across the muscular regions -- in particular at the interface between the circular muscle and the submucosa (Figure [6](#iep12194-fig-0006){ref-type="fig"}c). Proline and hydroxyproline amino acids unique to collagen were detected at 815, 854, 872, 920 and 935 cm^−1^ in the best matching tissue spectra. Other protein related peaks were detected at 533 and 561 cm^−1^, along with the amide III band at 1244 cm^−1^, CH deformation at 1450 cm^−1^ and 1674 cm^−1^ characteristic of amide I (Figure [7](#iep12194-fig-0007){ref-type="fig"}).

The muscle reference was found to localize within all muscular regions, but was also found within the submucosa and outermost luminal edge of the mucosa (Figure [6](#iep12194-fig-0006){ref-type="fig"}d). Characteristic peaks that were present within the average tissue spectrum and reference were particularly assigned to aromatic amino acids phenylalanine (620, 1002, 1030 cm^−1^), tyrosine (642, 828, 852 cm^−1^) and tryptophan (757, 1551 cm^−1^). Other protein related bands were at 935 cm^−1^ (proline, valine, collagen), 1124 cm^−1^ (C‐N protein vibration), 1315 cm^−1^ (CH~3~CH~2~ twisting mode) and 1447 cm^−1^ (CH~2~ bending mode of proteins) (Figure [7](#iep12194-fig-0007){ref-type="fig"}). A spectral similarity of θ = 0.81 was achieved.

The most abundant tissue phospholipid -- phosphatidylcholine -- co‐localized with pixel regions that were heavily contaminated with paraffin wax (Figure [6](#iep12194-fig-0006){ref-type="fig"}e,f). This is further corroborated by matching the reference spectrum with the average of the hundred most similar tissue spectra. Overlapping peaks were found at 1062, 1132, 1294, 1439 and 1460 cm^−1^ (Figure [7](#iep12194-fig-0007){ref-type="fig"}). The remaining references failed to match -- this was detected by poor co‐localization within the map and/or an average tissue spectrum corresponding to the background.

Discussion {#iep12194-sec-0016}
==========

Up until now there have been no previous attempts to provide a detailed biochemical characterization of the layers of healthy colon tissue following FFPE treatment. Only one other study has thus far been conducted on frozen human colon that was passively dried prior to Raman analysis. However, the selected spatial resolution was significantly lower than that in our study at a step size of 10 μm at the mucosal surface, compared to our step size of 2.8 μm (Krafft *et al*. [2008](#iep12194-bib-0025){ref-type="ref"}). Our results clearly indicate that Raman microspectroscopy can discern the biochemical difference from within each layer following extensive chemical processing -- resulting in superior contrast to the currently universally used H&E stain (Figure [5](#iep12194-fig-0005){ref-type="fig"}).

Before conducting any biological analysis efforts were made to first identify any chemical contaminants which may interfere with the analysis. PCA revealed widespread paraffin contamination with a good linear fit to a paraffin reference. The distinct difference between true biological material and the added organic paraffin enabled easy identification of such contamination. The incompleteness of paraffin removal has been reported previously in several other studies (Faoláin *et al*. [2005](#iep12194-bib-0017){ref-type="ref"}; Nallala *et al*. [2015](#iep12194-bib-0036){ref-type="ref"}), and thus far, no mechanism for the complete removal of paraffin with any known deparaffinizing agent has been discovered. Discovery of a method for the complete removal of paraffin with the maintenance of biochemical signals and tissue morphology could have significant benefits in clinical diagnosis or in research. For example, prolonged incubation of tissue sections (\~18 h) in hexane results in near‐complete removal of paraffin and contributes to a 30% increase in IHC staining (Faoláin *et al*. [2005](#iep12194-bib-0017){ref-type="ref"}). Significant wax retention is expected to compromise IHC results by blocking the presentation of antigens to antibodies. Our work further contributes to the current body of evidence that Raman analysis can provide the means to assess paraffin retention, which can potentially be used as a measure for wax removal efficacy and provide a means of quality control for optimized IHC staining. Hexane deparaffinization was not attempted here as it is likely to result in the leaching out of the remaining lipid signals.

Furthermore, clear identification of phospholipid components (such as phosphatidylcholine in this study) is hindered by paraffin retention -- in the presence of paraffin, the signals from phospholipids cannot be unambiguously monitored. The obvious reason why the majority of all the lipid references tested were found to overlap with pixels containing paraffin is because of the overall structural similarity of fatty acyl groups and paraffin. To retrieve biochemical information on tissue phospholipid status, it will be essential to ensure close to complete paraffin removal from tissue sections prior to Raman mapping and reference matching. Given the strong diagnostic correlation between aberrant phospholipid metabolism and disease, and the prospects for therapy (e.g. cancer (Ackerstaff *et al*. [2003](#iep12194-bib-0001){ref-type="ref"})) the value of Raman in monitoring and validating complete paraffin removal and recovering data on the remaining tissue phospholipids is self‐evident.

Collagen signals were easily identified using both unsupervised PCA as well as spectral similarity maps with the highest similarity score of θ = 0.92. Of the biologically relevant PCs the loading associated with collagen accounted for the higher proportion of the variance within the data set (3.51%) compared to other components. All collagens consist of a set of three polypeptide chains held together in a helical conformation via hydrogen bonding. Each polypeptide chain is characterized by a repeating Gly‐X‐Y sequence where X corresponds frequently to proline and Y to hydroxyproline (Shoulders & Raines [2009](#iep12194-bib-0043){ref-type="ref"}; Nguyen *et al*. [2012](#iep12194-bib-0037){ref-type="ref"}). The presence of hydroxyproline (rare in most other proteins) therefore makes collagen quite a unique molecular entity that is quite easily recognized. This might prove to be useful in the detection of collagen elevation associated with fibrostenotic IBD, for example. Using PCA, we were able to confine the collagen signals to the submucosa and serosa where connective tissue binds mesothelial cells to the outer longitudinal muscle. On the other hand, similarity maps exhibited some collagen‐like signals at the interface between the submucosa and the muscularis propria as well as the outermost edge of the longitudinal muscle. This is likely caused by the overlap of certain vibrational signals that are also present in muscle tissue. More importantly, the frequency shifts observed in the amide III bands are in agreement with shifts observed in unfixed/frozen tissue (Krafft *et al*. [2008](#iep12194-bib-0025){ref-type="ref"}), this suggests that formalin fixation did not impose any detrimental effects on the collagen components on this occasion.

Along with collagen, nucleic acid signals were also one of the easiest molecular entities to identify using both similarity maps and PCA. This demonstrates that nucleic acid signals can potentially be quantified with relative ease, facilitating studies in cellular differentiation and carcinogenesis. In this particular case, 24 hr formalin fixation and extensive downstream processing along with attempts at rigorous deparaffinization of a small 5‐mm‐by‐5‐mm rat colon resection had no adverse effects on the detection of nucleic acid signals.

Muscular regions were associated with abundant protein signals, in particular from the aromatic amino acids phenylalanine, tryptophan and tyrosine. This has previously been observed from frozen then passively dried colon tissue sections (Krafft *et al*. [2008](#iep12194-bib-0025){ref-type="ref"}). PCA shows that some muscle‐like signals were also present across the luminal edge of the mucosa (Figure [4](#iep12194-fig-0004){ref-type="fig"}b); however, the reference linear fit suggests that these signals are of lipid origin and are likely detected from the cytoplasmic components of the luminal epithelial cells (Figure [5](#iep12194-fig-0005){ref-type="fig"}b). This is further corroborated by the H&E stained image as the luminal epithelial cells have a clearly visible cytoplasmic component (Figure [1](#iep12194-fig-0001){ref-type="fig"}b).

The identification of mucin in FFPE tissue suggests that mucin was not completely removed during chemical processing. However, its retention within goblet cells is also likely to be affected by the extent of rough handling and overall disturbance of the mucosa. Intestinal mucins are composed of approximately 80% carbohydrate side chains bound to a protein core. Five different carbohydrate moieties: *N*‐acetyl‐galactosamine, *N*‐acetyl‐glucosamine, fucose, galactose and sialic acid are arranged in side chains and trace amounts of mannose and sulphates have also been found (Fogg *et al*. [1996](#iep12194-bib-0018){ref-type="ref"}; Johansson *et al*. [2011](#iep12194-bib-0022){ref-type="ref"}). Using PCA, we were able to identify the large carbohydrate content of mucins and therefore isolate the goblet cells (Figure [5](#iep12194-fig-0005){ref-type="fig"}c). Previous Raman studies of mucin molecules have revealed intense signals originating primarily from the carbohydrate moieties and not so much from the proteins (Ashton *et al*. [2013](#iep12194-bib-0002){ref-type="ref"}). The lipid signals detected are a likely result of the presence of polar/neutral lipids and glycolipids that confer surface hydrophobicity, as well as viscous and lubricant properties to mucus (Lichtenberger [1995](#iep12194-bib-0028){ref-type="ref"}). Detection of mucins during Raman analysis therefore provides an additional scope for assessing tissue homoeostasis and early metastatic potential (Bresalier *et al*. [1996](#iep12194-bib-0008){ref-type="ref"}; Kufe [2009](#iep12194-bib-0026){ref-type="ref"}; Mekenkamp *et al*. [2012](#iep12194-bib-0033){ref-type="ref"}).

Conversely some of the tissue components were not easily distinguished such as the epithelial cells lining the inner crypts and the lymphocytes within the lamina propria. The predominant signals from both of these cell types were of nuclear origin as the extremely compact nature of the rat mucosa leaves very little visible cell cytoplasm (Figure [1](#iep12194-fig-0001){ref-type="fig"}b). By opting for a near infrared 785 nm wavelength and a line geometry, we were able to not only reduce the overall tissue autofluorescence but also reduce the likelihood of photothermally degrading the sample because of the dispersion of the laser density across a line. The spatial resolution of a Raman image is dependent on a number of different parameters: (i) objective, (ii) laser wavelength, (iii) laser geometry and (iv) step size used to acquire the image (Pascut *et al*. [2011](#iep12194-bib-0039){ref-type="ref"}). Using a 785 nm laser line for mapping at a 2.8 μm step size would enable features larger than 2.8 μm to be resolved; features below this such as the compact cytoplasm will need to be resolved by sampling at a smaller step size. To distinguish the different cell types, we would need to capture the protein expression profiles of each cell, and hence, the cytoplasm would be a crucial feature. It is likely that the combined signal from both the nucleus and cytoplasm may be crucial for the discrimination of different cell types. We were therefore unable to distinguish the finer features of the colon such as the stem cells at the base of the crypts. Raman imaging using higher spatial resolution may be required to reveal such fine anatomical structures. This may be realized by employing an objective with a higher NA, shorter laser wavelength, for example 532 nm, laser spot configuration and a smaller step size.

Our ability to successfully detect specific biomolecular references strongly depends on the abundance and purity of the molecular reference. In this case, a single band does not correspond to a single chemical entity but instead to the vibrational state of a given chemical bond, which may be shared across several different molecules. It is therefore important to consider that although levels of the reference spectra may increase in some specific tissue regions that were matched, there will still be many other contributions from other biochemical entities; hence, spectral similarity and linear fit of PCA may not perform well where there is wide chemical diversity. We have, however, observed superior performance of more complex reference standards such as collagen, mucin and muscle over samples of their individual molecular subcomponents, for example amino acids and sugars. This was observed on numerous occasions where collagen outperformed hydroxyproline (Figure [4](#iep12194-fig-0004){ref-type="fig"}a) and mucin outperformed the most abundant mucin sugars *N*‐acetyl glucosamine and *N*‐acetyl galactosamine (Figure [4](#iep12194-fig-0004){ref-type="fig"}c). Furthermore, applying PCA led to superior results over similarity maps without the need for selecting biomolecular references.

This study demonstrates that Raman microspectroscopy can be successfully used to discern all the major anatomical layers of colon tissue processed with conventional FFPE techniques. Raman is therefore a suitable technique for tissues that have undergone processing using the standard pathological workflow. There is an overall good agreement in the Raman spectral assignments of FFPE colon tissue layers and chemically untreated biomolecular references. This confirms that chemical processing does not lead to an unacceptable distortion in the spectral profiles of tissues. Additionally, mucin signals were shown to be well retained following extensive chemical processing emphasizing the desirability of gentler handling of the fresh tissue specimens to prevent mucin leakage and preserve any signals that may be of diagnostic use. Furthermore, we have shown that the detection of specific biomolecular references within the tissue requires careful selection of references. The spectral profiles established for each layer can now be used in subsequent rat studies where there are pathological deviations from the normal condition.

Conclusion {#iep12194-sec-0017}
==========

Within this study, we have described the application of Raman microspectroscopy to characterize all the major layers of colon tissue in samples that have undergone standard pathology laboratory processing. Despite widespread paraffin contamination, good resolution was achieved and this enabled easy identification of all major layers of the colon along with a complete characterization of the associated biochemical signals. The morphological and biochemical information obtained from healthy colons can provide comparisons to colons in different disease models. Extensive chemical preprocessing in formalin, alcohol and xylene did not impede the quality of the spectral signatures in our study; however, paraffin contamination was detected and needs to be resolved to improve the results further. Through the use of PCA, composite score images provided a superior contrast to the conventional H&E‐stained sections. The anatomical layer identification was confirmed by similarity maps correlating to the abundance of known chemical components of each layer. Our results show that Raman analysis can be used as a complementary technique facilitating the analysis of tissue on both a morphological and metabolic level in animal models and humans.
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**Figure S1.** PC loadings 1--10. The first 10 loadings explain 82% of the total variance in the dataset.

###### 

Click here for additional data file.
